RNA editing of adenosine residues to inosine ('A-to-I editing') is the most common RNA modification event detectible with RNA sequencing (RNA-seq). While not directly detectable, inosine is read by next-generation sequencers as guanine. Therefore, mapping RNA-seq reads to their corresponding reference genome can detect potential editing events by identifying 'A-to-G' conversions. However, one must exercise caution when searching for editing sites, as A-to-G conversions also arise from sequencing errors as well as mutations. To address these complexities, several algorithms and software products have been developed to accurately identify editing events. Here, we survey currently available methods to analyze RNA editing events and introduce a new easy-to-use bioinformatics tool 'RNAEditor' for the detection of RNA editing events. During the development of RNAEditor, we noticed editing often happened in clusters, which we named 'editing islands'. We developed a clustering algorithm to find editing islands and included it in RNAEditor. RNAEditor is freely available at http:// rnaeditor.uni-frankfurt.de. We anticipate that RNAEditor will provide biologists with an easy-to-use tool for studying RNA editing events and the newly defined editing islands.
Introduction
Although mapping sequencing reads to the genome appears straightforward, there are often cases where one-to-one nucleotide matches between a read and reference genome are impossible. These 'nucleotide mismatches' can arise from technical errors [e.g. library preparation, polymerase chain reaction (PCR) amplification, phasing] and/or sequence variations [e.g. singlenucleotide polymorphisms (SNPs)] [1] . Increasing evidences suggest that more fundamental biological processes might account for some of these discrepancies, namely, RNA editing events [2] . RNA editing is a posttranscriptional modification to alter the sequence of RNA molecules [3] . Differing from splicing, 5 0 capping and 3 0 polyadenylation, RNA editing modifies RNA molecules by the insertion, deletion or base substitution of nucleotides through RNA editing enzymes, which diversifies the resulting transcripts. RNA editing of exons of protein-coding genes may lead to the production of amino acid sequence that is different from the original DNA sequence, whereas editing of 3 0 untraslated regions (UTRs) may affect binding of RNA-binding proteins or microRNAs (miRs), thereby modulating RNA stability and/or translation [3] . 'Adenosine deaminases acting on RNA (ADARs)' are the RNA editing enzymes that selectively convert adenosine ('A') in double-stranded RNA into inosine ('I') [4] . This process is called 'A-to-I editing'. When such process is read by next-generation sequencers (NGS), an inosine is considered as guanine ('G'); thus, 'A-to-G conversion' can be monitored by comparing with the reference genome. In mammals, there are three ADARs (ADAR1, ADAR2 and ADAR3). While the knockout mice of Adar1 and Adar2 (also known as Adarb1, 'adenosine deaminase, RNAspecific, B1') are embryonically and postnatally lethal, respectively [5, 6] , highlighting the importance of RNA editing events in normal physiology, ADAR3 (also known as Adarb2, 'adenosine deaminase, RNA-specific, B2') is considered to be catalytically inactive and less important player in RNA editing events [7] . Given the importance of ADARs, a number of studies were conducted to detect RNA editing events from RNA sequencing (RNA-seq) data [2, [8] [9] [10] [11] [12] . The most challenging part of such identification is the separation of true RNA editing sites from genomic variations (e.g. SNPs), which are distinguished by a series of filters in the above-mentioned articles. Currently, four bioinformatics tools are available for the detection of RNA editing events from FASTQ files and/or mapped data sets (SAM/ BAM): ExpEdit [13, 14] , GIREMI [15] , RASER [16] , REDItools [17, 18] . Furthermore, two databases DARNED [19] and RADAR [20] were created for researchers to explore RNA editing events.
Here, we survey the currently available algorithms and software products to detect RNA editing events from RNAs-seq data. To address shortcomings of currently available bioinformatics tools, we introduce 'RNAEditor', an easy-to-use bioinformatics tool for the detection of RNA editing events. RNAEditor is designed to accommodate both biologists and bioinformaticians and can be used without extensive knowledge about programming. RNAEditor accepts FASTQ files as input and fully automates all steps needed to identify RNA editing events. RNAEditor can be used from a command line as well as a graphical user interface (GUI) that allows an analysis by simply dragging and dropping the FASTQ file of an interest into RNAEditor. Furthermore, a clustering algorithm is implemented to detect regions of highly edited sites, which we named 'editing islands'. Compared with a single edited site, an editing island indicates potential ADAR binding sites, gives higher confidence that the contained editing sites are 'true' editing sites and higher likelihood of biological importance. We anticipate that RNAEditor will be valuable to detect RNA editing events from RNA-seq data without for additional experimental techniques.
Methods

RNA-seq data analysis
To test the validity of RNAEditor, we used our previously published RNA-seq data set of human umbilical vein endothelial cells (HUVEC) [21, 22] and the published data set (Gene Expression Omnibus: GSE38233) of small interfering RNA (siRNA)-mediated knockdown of ADAR1 and ADAR2 in the human B cells and RNA immunoprecipitation (RIP) followed by sequencing (RIP-seq) using anti-ADAR1 antibody [23] . Raw sequencing data were downloaded from the NCBI Sequencing Reads Archive as SRA files and converted to fastqs with fastqdump v2.1.7 (http://www.ncbi.nlm.nih.gov/sra). RNA editing events were analyzed by RNAEditor using the latest ENSEMBL annotation (GRCh38). The release 83 of the HAPMAP, ESP and dbSNP databases were downloaded from (http://ftp.ensembl. org/pub/release-83). Repetitive elements were obtained from the UCSC Repeat Masker (http://genome.ucsc.edu/cgi-bin/ hgTables). To estimate gene expression and filter for unexpressed genes, we applied TopHat2 [24] (version 2.0.9) and subsequently Cufflinks [25] 
Comparison with other databases
The known editing sites were obtained from DARNED [19] and RADAR [20] . Both databases use hg19, which was converted to GRCh38 using CrossMap [27] . FPKM > 1 is used as the threshold to detected expressed genes. Those genes below FPKM value of 1 were excluded from the further analysis.
Availability of RNAEditor
RNAEditor is currently available for Mac and Unix users at http://rnaeditor.uni-frankfurt.de. The detailed instructions on how to use and install RNAEditor are also described there. Although RNAEditor is platform and species independent, various input files are required as follows: (i) a reference genome (e. g. hg19, hg38, mm10, mm9); (ii) sequence variations (e.g. dbSNP, ESP, HAPMAP); (iii) genome annotations (e.g. Ensembl); and (iv) Alu regions (e.g. UCSC Genome Browser). These input files for human and mouse are provided at http://rnaeditor.uni-frank furt.de.
Results
Survey of algorithms and software products for RNA editing analysis
Given that RNA editing is the most common form of RNA modifications and occurs in protein-coding and noncoding RNAs [28, 29] , accurate understanding of editing events is important for many research disciplines. However, detecting editing events is no simple matter; simply examining nucleotide A-to-G substitutions within RNA-seq data will often lead to false positives. Other sources of nucleotide variation can arise from individual variations (e.g. SNPs) and/or sequencing errors (e.g. homopolymers, lower quality at read edges). Although editing is common in Alu elements [30] , editing also takes place in non-Alu regions, including exons of protein-coding genes. These types of changes could alter the primary structure of a translated protein. Thus, it is essential that a variety of filters to be applied to identify 'true' editing events. Currently, there are several bioinformatics tools available to detect RNA editing events. InosinePredict [31] , AIRliner [32] and VIRGO [33] are online web tools that use different mathematical models to predict RNA editing events of single sequences that can be uploaded to the Web site. The web servers DREAM [34] and ExpEdit [13] accept FASTQ files and facilitate mapping and detection of RNA editing sites of small RNA-seq and RNA-seq, respectively. RASER [16] is a mapper specifically designed to detect SNPs and RNA editing sites. The command line tools GIREMI [15] and REDItools [17] detect RNA editing events from RNA-seq data. Both tools require mapped reads in the BAM file format as an input. GIREMI additionally requires a list of high-quality single-nucleotide variant, as it does not include a variant caller. The detailed summary of all tools and a list of common and unique features can be found in Supplementary Table S1 .
Some of the above tools are equipped with filters to reduce type I and II errors from misinterpretation of RNA editing events caused by misalignment of reads, PCR duplicates during library preparation leading to misinterpretation of editing events, genomic variations (e.g. SNPs), regions error prone when read by NGS (e.g. read beginnings), separating Alu elements and nonAlu regions and the presence of homopolymers (e.g. AAAAA, TTTTT) [10, 11, 20] .
In addition to the issues above, another confounding problem arises when identifying RNA editing events. When nucleotide positions of editing events are examined carefully among sequence reads and different samples, editing seems to fall into clusters rather than specific bases. This is likely because of ADAR's binding capabilities depending on the structure of RNA rather than its sequence [35] [36] [37] [38] . Thus, it is hard to interpret whether one editing event ultimately causes a change in the cellular functions via the modification of amino acid sequences or an alternation in the bound sequence of a miR in the 3 0 UTR. Recently, Porath et al. [39] introduced the concept of 'hyper editing', which corresponds to the regions of excessive ('hyper') editing that do not easily align to the genome. In this study, the authors concentrated on the unmapped RNA-seq reads by transforming every A to G in the unmapped reads after removing sequencing errors by applying a series of filters. This study sheds a light on the usage of unmapped reads, which might be caused by RNA editing events.
Development of RNAEditor
The bioinformatics tools mentioned above are indeed useful; however, they all require some programming knowledge or lack comprehensive filters to remove ambiguous editing sites. Furthermore, these tools are unable to detect regions with highly edited sites. To address these difficulties, we developed a new bioinformatics tool 'RNAEditor'. Figure 1 shows the flowchart of the analysis steps performed by RNAEditor. These steps are divided into the following three stages: (1) mapping, (2) purification and (3) annotation.
In stage 1, an input FASTQ file will be mapped to the reference genome using Burrows-Wheeler Aligner (BWA) [40] . By default, we allow a mismatch rate of 4% and up to two mismatches (MM) in the seed sequence of a read. During the library preparation of RNA-seq, the PCR could preferentially produce a certain type of sequences more than others, resulting in 'PCR duplicates'. As duplicates interfere with the detection of genomic variations, they are removed from further analysis using Picard [41] [42] [43] (http://broadinstitute.github.io/picard/). Although BWA permits insertions and deletions ('indels'), mapping around indels is imprecise. Therefore, a local realignment with the Genome Analysis Toolkit (GATK) [42] helps to refine those regions to avoid false positives. Finally, each mapped read is recalibrated based on its base quality score to enhance the detection of genomic variations. This step is necessary to correct sequencer-specific deviations in the aligned reads. For this purpose, GATK is used. The recalibrated BAM files are stored for later observation and analysis via the genome browser.
Stage 2 of the editing pipeline comprises the detection of variations to the reference genome and subsequent purification of SNPs and sequence artifacts from true editing sites. Variations are detected via the UnifiedGenotyper of GATK, which uses a Bayesian genotype likelihood model to predict genotypes. GATK was chosen as it has been shown to outperform empirical parameter-based variant calling methods, especially when the editing ratio is low [11] . Another advantage is that GATK is adaptable to a variety of sequencing platforms without changing any parameters. In our pipeline, the UnifiedGenotyper is instructed to report every MM to the reference genome as long as the base quality of that nucleotide is >25, and the mapping quality of corresponding read is >20. Hence, RNAEditor can even report editing sites for nucleotides that have a low editing ratio. Next, known genomic variations [e.g. those included in dbSNP (http://www.ncbi.nlm.nih.gov/ SNP/), 1000 Genomes Project (http://www.1000genomes.org) and HAPMAP project (http://hapmap.ncbi.nlm.nih.gov)] are crosschecked with the identified edited sites. If exactly the same mutation is found in these databases, it is removed from further analysis. As the edges of sequence reads are error prone, edited sites in the first and last three base pairs (bps) of each read are removed. Finally, edited sites are separated between Alu elements and non-Alu regions because editing events occur preferentially in Alu elements [44] . The editing events in Alu elements are reported as is. For non-Alu regions, further filters are applied. First, intronic variants next to splice junctions are removed, as reads could be mapped beyond the corresponding exon boundaries. As sequence errors are likely to occur in homopolymers (e.g. AAAAA, TTTTTT) [45, 46] , edited sites at the end of homopolymers with at least five repeats are discarded. Finally, BLAST [47] is performed to make sure that the read itself is unique to the site of editing. At least two uniquely mapped reads must promote the editing site to be emitted.
In stage 3, editing sites are annotated using our own program called 'GTF-Handler', which directly annotates mutations from a GTF file as data source. Finally, a density-based cluster algorithm called 'density-based spatial clustering of applications with noise (DBSCAN)' [48] is applied to the remaining editing sites for the detection of editing islands. The algorithm to identify editing islands is explained in detail in the following section.
RNAEditor can be run from a command line or a GUI to accommodate wet-lab biologists for direct use as well as bioinformaticians who may want to incorporate RNAEditor in a pipeline. Using the GUI, users can drag and drop FASTQ files to initiate the analysis. Successful completion of the pipeline results in four output files: (i) VCF file, which is a standard variant file that can be used in genome browsers or variant effect prediction tools, such as VEP [49] ; (ii) GVF file, which contains the detailed information about each editing site, such as gene names, segments, number of total reads, number of edited reads and the ratio of editing; (iii) Summary file, which shows the sum of editing sites per segment for each gene; and (iv) Island file, which is a BED-format file providing the location of editing islands and features, such as length, number of editing sites and editing ratio. Furthermore, RNAEditor provides the basic statistics for the analyzed results.
Detection of editing islands
It is well known that RNA editing sites appear in the close proximity to each other and form clusters [15] . For example, Neeman et al. [50] showed that $35% of editing sites in mice form stretches of at least three consecutive identical MM. Given these facts, RNAEditor introduces a feature allowing the detection of these highly edited regions, which we named 'editing islands'. As the detection of neighboring editing sites is a onedimensional problem and the number of total clusters is unknown, we decided to use a DBSCAN clustering algorithm. It groups densely connected points and separates clusters by regions with lower density without identifying false-positive clusters in the uniform data [51] . DBSCAN is mainly influenced by two parameters: e (EPS) and minPts. e describes the maximum distance of a point from an existing cluster to be considered as a neighbor. For example, if the distance of an editing site to an editing island is greater than e, the editing site will not be added to the cluster. The second parameter minPts defines the minimum number of editing in range e to be considered as a cluster. To optimize these parameters, we applied the algorithm with different parameters to our previously published RNA-seq data set of HUVEC [21, 22] and calculated the silhouette coefficient for the detected clusters. Figure 2A shows an increasing number of editing islands while e is rising. In contrast, the number of editing islands decreases dramatically while minPts increases. This suggests that many editing sites form dense regions that appear in the close proximity. To find the best combination of these two variables, we used the silhouette coefficient to ensure that clusters are dense and are spaced far apart. A silhouette coefficient close to one reflects to a high inner distance between the clusters, whereas a silhouette coefficient close to À1 illustrates many overlapping clusters. Figure 2B indicates the silhouette coefficient over a range of parameters. Based on these results, we set e to be 50 and minPts to be 5, which can be adjusted by users.
Application of RNAEditor to human B cells
To test the performance and the validity of RNAEditor, RNA-seq data of human B cells [23] were analyzed. This data set includes RNA-seq data of normally grown ('baseline') B cells (cell lines: GM12004 and GM12750) as well as those treated with the control siRNA ('NT') and the siRNA directed against ADAR ('ADARkd'). Figure 3A shows the number of each sequence variation (e.g. Ato-G conversion) found. Among sequence variations, the most frequent variations are 'A-to-G' and 'C-to-T' conversions. The latter is because of nondirectional sequencing allowing reads to map to the opposite strand of a target resulting in the detection of complimentary sequence. When the numbers were compared among samples, the decreasing numbers of editing events are recorded on treatment with the control siRNA, as siRNAs are known to cause some toxic effects [52] . The numbers are further decreased on silencing of ADAR, which is expected. Next, the editing sites are categorized for each gene, which indicated that some genes contain more editing sites than others ( Figure 3B ). This suggests that these genes are highly edited and their functions likely depend on editing.
Given that 66% of Alu elements in humans are found in introns [53, 54] , we examined the distribution of editing sites for gene features. As expected, a majority of the editing sites fall within intronic regions ($72% of total editing sites) followed by intergenic and 3 0 UTR regions ($14% and $11% of total editing sites, respectively, Figure 3C ). Only a small proportion appears in exons or 5 0 UTR regions ($3% and $0.4% of total editing sites, respectively). When the proportion of reads that support the editing sites is examined, on silencing of ADAR, the average ratio of editing is reduced ( Figure 3D) . One of the nice features about RNAEditor is the identification of editing islands. In the normally grown B cells, there are 1522 6 433 editing islands identified. The average length of editing islands is 89.3 6 30.9 bp, which is close to the intramolecular imperfect duplexes that form between Alu element and its inverted-repeat Alu element (>100 bp) [54] [55] [56] . While there are 492 6 41 editing islands on transfection with control siRNA, silencing of ADAR resulted in 33.5 6 17.5 editing islands. The percentage of editing sites that fall within an editing island is 7.3 6 1.1%, and 0.93 6 0.2% for control siRNA-treated and ADAR knockdown, respectively. For example, the genomic locus harboring LYRM7 protein-coding gene clearly indicates the reduced number of editing islands on silencing of ADAR compared with normally grown B cells and those transfected with control siRNA (Figure 4A ).
To further prove the validity of editing islands, we analyzed RIP using anti-ADAR1 antibody in B cells followed by sequencing called 'RIP-seq' [23] . This RIP-seq data should correspond to the actual binding of ADAR1 to the sequences to be edited as ADAR1, as an editing enzyme must bind to the RNA sequences to catalyze editing events. In principle, editing islands should be the highly edited sites that occur in clusters; these sites should be bound tightly by ADAR1. By evaluating the distance of editing islands to the ADAR1-binding sites (Figure 4B ), on average, 53.6 6 0.13% of predicted editing islands are directly covered by the binding sites of ADAR1, whereas only 0.03 6 0.02% overlaps to immunoglobulin G (IgG)-binding sites as a negative control ( Figure 4C ). Taken together, the decreasing number and percentage of editing sites and islands in ADAR knockdown samples as well as the overlap to ADAR1-binding sites clearly indicate the validity of RNAEditor and the concept of editing islands.
Next, we compared the identified editing sites for expressed genes (FPKM > 1) with known editing sites from two databases DARNED [19] and RADAR [20] (Figure 5A ). There are 2800 editing sites detected by RNAEditor, which are also listed in DARNED and RADAR databases. In addition, more sites are shared between RNAEditor and one of these databases. The close examination of the Venn diagram suggests that a majority of editing sites listed in DARNED is covered by the editing sites detected by RNAEditor, whereas 2695 editing sites in RADAR are not detected by RNAEditor. This is because of more comprehensive coverage of editing sites by RADAR, which can be seen by the number of editing sites listed in RADAR compared with that of DARNED (9430 and 3283, respectively). As RNA editing occurs in a tissue-specific manner [57] , the editing sites that do not overlap between RNAEditor and RADAR are mostly like to because of the fact that we used human B cells, whereas RADAR includes various tissues and cell types.
Next, to compare the performance of RNAEditor to other tools, the same RNA-seq data of B cells were analyzed by GIREMI and REDItools. However, GIREMI did not detect any statistically significant RNA editing events in the data sets analyzed, whereas REDItools using REDItoolDenovo.py detected 25 443 A-G and T->C editing sites, although we could not detect a significant decrease in the number of editing sites on ADAR1 knockdown (24 143 editing sites, Figure 5B ). In comparison, RNAEditor detected 35 507 potential editing sites for the control ('NT') and significantly reduced number of editing sites (19 796 editing sites) on ADAR1 knockdown ('ADARkd'). Interestingly, when the results of REDItools were compared with RNAEditor, DARNED and RADAR as been done in Figure 5A , 5092 RNA editing sites out of 12 995 sites detected by REDItools are unique (detected only in REDItools but not others), which raises a question whether these predicted sites are of true RNA editing events ( Figure 5C ). Taken all together, although REDItools outperforms RNAEditor in terms of computational time, RNAEditor seems to detect more specific editing sites, whose numbers are reduced on knockdown of ADAR1. 
Discussion
As the base per cost of NGS goes down, the usage of NGS has increased around the world, and it became a technology of choice for conducting high-throughput studies by overtaking microarray technology. Although NGS is a powerful technology and outputs vast amounts of information, NGS analysis is not simple. Owing to the high complexity of the data and recording of unknowns (e.g. sequences, transcripts, genomic variations), bioinformaticians are developing tools to analyze NGS data to extract knowledge out of such context-rich information. One of the most often used applications of NGS is RNA-seq. In principle, RNA-seq mirrors the genomic information in the form of RNAs. However, because of the sequence variations resulting from RNA modifications (e.g. RNA editing) as well as sequencing errors, it is not always possible to map 100% of the reads to the reference genome. To overcome this problem, we developed RNAEditor to detect RNA editing events from RNA-seq data. Starting from FASTQ files, RNAEditor maps the reads and identifies edited sites using a set of filters to differentiate between edited sites and other MM. Furthermore, we introduced the concept of editing islands, which can be detected through RNAEditor. These editing islands help highlight important regions in where editing events occur frequently. RNAEditor is an easy-to-use bioinformatics tool, which additionally provides a GUI for users who wants to avoid the command line. Compared with other similar algorithms and tools, RNAEditor is a one-stop-shop for the identification of reliable RNA editing sites. Unlike any other currently available tools, RNAEditor detects highly edited sites called 'editing islands' in comparison with the detection of each editing site alone. Although RNAEditor is easy to use and detects both RNA editing sites and islands, currently, it uses BWA as an aligner, which is not developed exclusively for RNA-seq data. Thus, splice junction reads might not be detected in the current workflow of RNAEditor. This is the point of further development of RNAEditor. Taken all together, we anticipate that researchers will use RNAEditor to reanalyze their RNA-seq data to add an additional layer of knowledge to their existing RNA-seq data.
Key Points
• RNA editing is the common form of RNA modifications in mammals.
• There are several bioinformatics tools available for the detection of RNA editing events.
• The detection of RNA editing events requires filters to differentiate editing sites from SNPs, sequencing errors, etc.
• RNAEditor is an easy-to-use bioinformatics tool for detecting RNA editing events, accessible via command line or GUI for more user-friendly usage.
• A clustering algorithm can be applied to detect a region with a high density of editing sites, which we named 'editing island'.
Supplementary data
Supplementary data are available online at http://bib.oxford journals.org/. 
Funding
